The human XPBC/ERCC-3 was cloned by virtue of its ability to correct the excision repair defect of UVsensitive rodent mutants of complementation group 3.
INTRODUCTION
To cope with DNA lesions induced by physical and chemical agents all living organisms have acquired a complex network of DNA-repair pathways (see ref. 1 for a comprehensive review).
The best studied repair process is that of nucleotide-excision repair. In contrast to E. coli (see for recent overviews: ref. [2] [3] [4] little is known about the molecular mechanism of the nucleotide GenBank accession no. M31899 excision repair pathway in eukaryotes. In mammals two classes of excision repair-deficient mutants can be discerned: a minimum of 8 complementation groups within the class of laboratoryinduced rodent mutant cells (5) , and within the category of human mutants at least 7 complementation groups in cells from excisiondeficient xeroderma pigmentosum (XP) patients (designated XP-A to XP-G-the sole patient comprising group H falls into complementation group D [6] [7] [8] [9] ) and three groups in the repair disorder Cockayne's syndrome (CS) (see refs. 10 and 11 for recent reviews). This extensive genetic heterogeneity suggests a considerable biochemical complexity underlying the nucleotide excision repair pathway. The impact of nucleotide excision repair mechanisms at the level of the organism is illustrated by the clinical manifestations of these syndromes. Both XP and CS are rare, autosomal recessive disorders characterized by hypersensitivity of the skin to UV exposure and frequently neurological defects. XP patients, in addition, present abnormal pigmentation and other skin defects in sun-exposed parts and a predisposition to skin cancer (see 12 for an extensive review). CS patients, who have only a subtle defect in excision repair (13) display skeletal deformation and severe mental retardation but not a dramatic increase in incidence of skin cancer. Efforts in several laboratories to isolate XP-correcting genes by DNA-mediated gene transfer (14, 15) are hampered by the relatively poor transfection properties of most SV40-immortalized human fibroblast lines (16) . Recently, Tanaka and co-workers described the cloning of the XP-A correcting gene (XPA-C) after large scale transfection experiments to an SV40-immortalized fibroblast line (17, 18) . In contrast, considerable progress has been made in cloning human DNA repair genes utilizing UV-sensitive Chinese hamster cells as recipients for DNA-mediated gene transfer. The genes correcting the rodent repair defects are termed Excision-Repair Cross-complementing rodent repair deficiency or ERCC genes, where the number refers to the rodent complementation group, that is corrected by the human gene. In this way the human ERCC-J, 2, 3, 5 and 6 genes have been isolated (19) (20) (21) (22) (23) , as well as the XRCC-J gene that corrects the X-ray sensitivity of CHO mutant EM-9 (24) . The importance of the category of rodent mutants as a model for human repair disorders is stressed by our recent finding that a mutation in the ERCC-3 gene underlies the inborn defect in XP complementation group B. This group represents a very rare conjunction of XP as well as CS. The XPB-correcting XPBC/ERCC-3 gene encodes a putative DNA helicase (25) . In this report we present the architecture of the XPBC/ERCC-3 gene, its pattern of expression and studies on its promoter.
MATERIALS AND METHODS General procedures and Nucleic Acids
Purification of nucleic acids, restriction enzym digestions, gel electrophoresis, nick translation and filter hybridization were performed according to established procedures (26) . The fragments used for nick translation were: a 1.3-kb Pst I fragment from pRGAPDH-13 (27) , carrying a rat GAPDH cDNA; the 1.7-kb EcoRI-ClaI fragment from pHM-l (28) carrying exon 3 and 3' flanking sequences of the human c-myc gene. DNA sequences were determined by the dideoxy-chain termination method (32) with Sequenase (United States Biochemicals) or TaqTrack (Promega), and with either M13-or sequence-specific oligonucleotides as primers. Oligonucleotide primers were synthesized in an Applied Biosystem DNA syntheziser.
Cell culture and transfection The UV-sensitive CHO cell line 27-1 (29) and HeLa cells were grown in DMEM/F10 (1:1) medium supplemented with 5% newborn and 5 % fetal-calf serum and antibiotics. Human primary fibroblasts (VH10) cells were cultured in the same medium supplemented with 10% fetal-calf serum. For promoter studies XPBC/ERCC-3 DNA constructs (2-5 itg) were cotransfected with the dominant marker pSV3gptH (1-2 yg) to 27-1 cells as described previously (21) . After approximately two weeks of selection in XGPT medium, cells were reseeded and UVirradiated with 12 J/m2 (254 nm peak, at a fluence rate of 0.5 J/m2); the surviving clones were fixed and counted. Transient transfection experiments were carried out using HeLa TK-cells as recipients and (10 4g) CAT plasmids as described before (30) . CAT activity was assayed as detailed earlier (31) .
UV-induction
HeLa cells were grown to near-confluency and after rinsing with PBS (phosphate-buffered saline), UV-irradiated (254 nm peak) and subsequently incubated with culture medium for various periods of time, after which they were harvested and used for poly (A)+ RNA isolation (26 Fig. 2 for relevant restriction sites of the XPBC/ERCC-3 5') region. The XPBC/ERCC-3 cDNA clone pCD 1 has been described previously (21) . From Fig. 3 ).
As shown in Fig. 3 and 4A, all sequences around the intronexon borders are consistent with the consensus donor and acceptor splicing signals (37) , with the notable exception of the 5' splicedonor site of the third intron where instead of the customary GT a GC dinucleotide is observed. Identical sequence data were obtained from two independently isolated genomic cosmid clones, ruling out the possibility of a cloning artifact. Potential branch- 
(G/T)GGGCGG(G/A)(G/A)(C/T) (41) at positions-89
to-81 (indicated in Fig. 3 with 'GC'). A noteworthy feature of the 5' flanking region is the presence of a pyrimidine-rich stretch at position -243/-225 (Fig. 3, dotted H.
T E L I T E T F T S E S A
TAATCCAG CATCTTCTCCAGG ACCCCGTG ATCCGAGAATG CCG CTTAAG AAACTCTG AAGG GG AG GCCACTGAG CTCATCACAGAGACTTTCACAAG CAAATCTG CCg tatg tgga*c tc -
CG AAG GG TG CTCAC CATCG TG CAGG CCCAC TG TAAG CTG GG TTTG ACTG CG ACC CTCG TC CGCGAAG ATGACAAAATT6 TG GATTTAAATTTTC TGATTGG GCC TAAGCTCTAC GAAGCC The NcoI (Nc) and NarI (Na) restriction-sites used for promoter constructs are indicated. The G/C-rich box (potential SP-l binding site) is indicated by (GC) and single underlining, the inverted repeat is indicated by two large arrows, the (AU)-rich sequences and polyadenylation signal are underlined. The CAYTG region is indicated by double underlining. The vertical arrow in the 3' region below the sequence indicates the polyadenylation site as determined by sequence analysis. of this polypyrimidine stretch a sequence motif: CTCAGGT/CC-ACA (-255 to -244) (Box I) is located, which is also present in front of a polypyrimidine stretch in the 5' region of the ERCC-J gene (42) (see fig. 4B ). The conservation of this region suggests that it has a function in regulation of transcription of both genes. We have searched in the EMBL sequence data base for nucleotide sequences homologous to this region, but to no avail.
To verify whether the XPBC/ERCC-3 5' flanking sequences can drive transcription, several constructs were made by inserting XPBC/ERCC-3 5 control, the promoter fragments of pHEB-catI, -3 and -5 in the inverted orientation (yielding pHEP-cat2, -4 and -6 respectively) were transfected into HeLa TK-cells. Surprisingly, pHEP-cat2 induced also clear CAT activity (Fig. 4A, lane 3) . This suggests that the 376-bp NcoI fragment also includes a promoter and cap site in the reverse direction.
Further proof that the promoter of the XPBC/ERCC-3 gene is located between the presumed cap site and -259 was obtained using plasmids containing genomic fragments in front of the XPBC/ERCC-3 cDNA (see Materials and Methods) and cotransfection of these constructs to the UV-sensitive 27-1 hamster cells with the dominant selection marker plasmid pSV3gptH. Transformants were selected with mycophenolic acid for expression of the co-transfected E. coli gpt gene and with UV light for XPBC/ERCC-3 expression. The results summarized in Table I show that pCDl, harboring XPBC/ERCC-3 cDNA under the direction of the strong SV40 early promoter yielded a comparable number of UV-resistant clones as XPBC/ERCC-3 constructs driven by the endogenous promoter. Regulation of XPBC/ERCC-3 gene expression Northern blot analysis of various human cell lines revealed a low level of XPBC/ERCC-3 transcription (21, and unpublished results). To investigate whether the XPBC/ERCC-3 promoter is induced by DNA-damaging agents, Northern blot analysis was performed on poly(A)+ RNA of HeLa cells at several time points after UV-irradiation (1 J/m2). Hybridization with the probe for the -y-actin gene indicated that approximately equal amounts of poly (A)+ RNA were loaded in each lane. As an internal control for UV-induction, the filter was rehybridized with a metallothionein Ha (MTIIa) cDNA probe. It has been reported that MTIIa expression is strongly induced by UV light and the phorbol ester, TPA treatment (43) . From Fig. 6 it is evident that UV irradiation with a UV dose of 1 J/m2 (or 10 J/m2; data not shown) did not result in significant changes of XPBC/ERCC-3 transcription during a period of 12 h. Although HeLa cells are of epidermal origin, they are transformed and may have lost a UV-inducible response present in vivo. Therefore, we have also analyzed the effect of UV-irradiation on ERCC-3 expression in short term cultured skin keratinocytes. However, also in this case no significant UV-induction was observed (data not shown).
To examine whether expression of XPBC/ERCC-3 fluctuates with the proliferative state and/or with the stage in the cell-cycle, primary human diploid fibroblasts were synchronized by growth arrest at high cell density and stimulated to proliferation by (39) . Such elements are present in the 3' untranslated region of the XPBC/ERCC-3 sequence shown in Fig. 3 . This prompted us to investigate the stability of cytoplasmic XPBC/ERCC-3 mRNA. To that end actinomycin-D was added to HeLa TK-cells, and cytoplasmic RNA was isolated after several time intervals to determine the half-life of XPBC/ERCC-3 mRNA. Northern blot analysis (Fig. 7) shows that even after 3 h of treatment with actinomycin-D no significant differences in XPBC/ERCC-3 mRNA amounts could be detected. As a positive control on the effect of actinomycin-D, the same filter was also hybridized with a human c-myc probe, which has been reported to have a short half-life of 15-30 min (39) . A decrease in the relative amount of c-myc mRNA was readily observed on the same filter. The addition of inhibitors of protein synthesis like cycloheximide did not influence the XPBC/ERCC-3 mRNA stability (data not shown).
Cross-hybridising genomic sequence outside the XPBC/ ERCC-3 locus Southern blot hybridization of human genomic DNA with XPBC/ERCC-3 cDNA produces a complex pattern of hybridizing bands. Systematic comparison by Southern blot analysis revealed that in Hela genomic DNA extra fragments hybridized that can not be accounted for by the map and are absent in DNA of repair proficient transformant ST1-1 with an intact copy of the gene. An example using a 3' XPBC/ERCC-3 cDNA probe is shown in Fig. 8 . This 375 bp probe hybridizes to a 3.7 kb genomic PstI fragment. The hybridization pattern of genomic DNA from HeLa cells revealed the presence of an additional restriction fragment of approximately 2.1 kb not present in DNA of ST1-1 nor in DNA of other secondary UV-resistant 27-1 transformants. Similar results were obtained using 5' XPBC/ERCC-3 cDNA probes. Hybridization to other human DNA's (the human lymphoblastoid cell line; GM1855), gave identical results (data not shown), indicating that this finding can not be explained by fragment length polymorphisms. We concluded that a cross-hybridizing sequence exists elsewhere in the human genome.
DISCUSSION
In this paper the physical organization and expression of the human XPBC/ERCC-3 is presented. The gene is approximately 45 kb long and consists of at least 14 exons. Virtually all 5' and 3' splice boundaries in functional genes obey the GT-AG rule (37) . The importance of the conserved GT dinucleotide in the splice donor sequence has been examined in naturally occurring mutations (44) (45) (46) and after site-specific mutagenesis of GT to GG in 5' splice sites of an intron in adenovirus or in the rabbit (47) (48) . These studies showed that the presence of the GT dinucleotide is a prerequisite for efficient RNA splicing. However, a few active splice sites violating the GT-dinucleotide rule have been found (49) (50) (51) (52) . In these rare instances a GC was present instead of a GT. In our case, the XPBC/ERCC-3 gene has been cloned from a UV-resistant 27-1 genomic transformant which originally received and since then retained only 1 copy of the (active) gene per cell. Therefore, we conclude that this -GC-splice donor must be functional in vivo.
Functional domains of proteins are in many cases encoded by discrete exons (53 -55) . In this respect it is worth noting that exon 2 of the XPBC/ERCC-3 gene codes for the postulated nuclear location signal, whereas the presumed DNA-binding domain is part of exon 3. The 7 motifs with striking homology to conserved helicase domains are encoded by separate exons, except for domains I and V.
Using a functional assay we have shown that the XPBC/ERCC-3 promoter is located within a stretch of 259 nucleotides proximal to the putative transcription start site. The XPBC/ERCC-3 promoter lacks the classical TATA and CAAT boxes which are typically located in front of many eukaryotic genes between positions -30 to -20 and -80, respectively (40) . However most 'housekeeping' genes are driven by promoters that lack such elements but instead contain multiple GC boxes (56) (57) (58) (59) . These GC boxes have the potential to bind transcription factor SP1 (60) . It has been shown that SPI can bind asymmetrically to an SPI box (61) and can promote bidirectional transcription (62) (63) . The presence of this SPI recognition sequence in the XPBC/ERCC-3 promoter could account for the bidirectional functioning of this DNA segment. The presence of a cluster of CpG dinucleotides was used as an indicator of a CpGrich island. It is now well established that CpG islands are often found associated with promoter regions of genes and that nuclear factors specifically bind to these sequences (64, 65) .
Comparison of the sequence of the human XPBC/ERCC-3 promoter with that of ERCC-J revealed a homologous segment consisting of two domains, a pyrimidine rich region preceeded by a 12 nucleotide sequence (Fig. 4B) . Regions with alternating CT residues can adopt triple-helical structures in vitro (66) and have been reported for promoters of constitutive or inducible genes (67) . Recently, footprint analysis has shown that in the Drosophila heat-shock genes hsp70 and hsp20 such a pyrimidinerich region binds a transacting factor (68) which appears to be similar or closely related to the described 'GAGA' transcription factor (69) . In addition, upstream of this pyrimidine-rich region a motif is found that is highly similar to a stretch in the ERCC-J promoter (box I). The possible involvement of these elements in the basal transcription levels of ERCC-J and XPBC/ERCC-3 is currently under investigation.
Northern blot analysis of poly(A)+RNA from different cell lines indicates low levels of XPBC/ERCC-3 transcripts. Low constitutive or basal expression of repair proteins has also been observed in E. coli and yeast (70) . In bacteria efficient removal of DNA lesions is carried out by an excision repair system that is part of the DNA damage-inducible SOS response. In yeast, agents that elicit this response induce the excision repair gene RAD2 whereas transcription of RA4D, RAD3 and RAD10 is not substantially affected by DNA damage (71) . In addition, other DNA damage inducible genes have been described (72 and references therein), including DNA polymerase-,3 (73) , DNA ligase (74) . XPBC/ERCC-3 expression does not seem to be significantly induced by UV-light in HeLa cells and keratinocytes, although we cannot exclude a 2-3 fold induction which is difficult to detect in Northern blot analysis.
In both E. coli and Drosophila evidence is found for a partial overlap between the cellular responses to heat-shock and DNA damaging agents (75) (76) (77) . Therefore we analysed XPBC/ ERCC-3 transcription also after heat-shock induction in HeLa cells. Although Hsp7O transcripts were clearly induced, the cellular level of XPBC/ERCC-3 transcripts was unaffected (unpublished results).
At positions 2694 and 2705 in the 3' UTR of the XPBC/ERCC-3 cDNA, (AU)-rich regions are found similar to those described in 3' untranslated regions of several oncogenes and transiently expressed genes. These regions are thought to be involved in determining mRNA stability (78) . The mRNA for c-Fos seems to be more stable in constructs lacking this signal (79) whereas the addition of this short sequence destabilized previously stable messengers (80) . The destabilizing effect of (AU)-rich sequences could be due to interaction with the poly(A)-protein complex (81) . Recently, it has been shown that a transacting factor can bind to this AUUUA motif (82) . However, based on our actinomycin-D experiments we conclude that XPBC/ERCC-3 mRNA is not subject to this type of posttranscriptional regulation, notwithstanding the occurrence of similar sequence elements.
The organization of the human XPBC/ERCC-3 gene has been elucidated. Remarkably, at least one additional genomic PstI fragment cross-hybridizes to XPBC/ERCC-3 cDNA sequences which is absent in DNA of secondary UV-resistant transformants of 27-1 cells and hence, is not part of the XPBC/ERCC-3 gene. Northern blots hybridized to different XPBC/ERCC-3 cDNA probes show no cross-hybridization to other mRNAs, however, we cannot exclude the existence of a very low-expressed mRNA. This could implicate the presence of either a pseudogene or a gene with sequence homology. Further experiments are underway to discriminate between these two possibilities.
